
BELLCOMM. I N C .  
1100 Seventeenth Street, N.W. Washington, D. C. 20036 r 
SUBJECT: The E f f e c t  o f  V e n t i n g  and Leakage DATE: Octobe r  1 7 ,  1 9 6 7  

on AAP C l u s t e r  A t t i t u d e  C o n t r o l  
P r o p e l l a n t  Requi rements  FROM: P .  G .  Smi th  
Case 620 

ABSTRACT 

A c e r t a i n  amount o f  RCS p r o p e l l a n t  i s  needed  t o  
c o u n t e r a c t  t h e  p r o p u l s i v e  e f f e c t s  o f  l e a k a g e  and v e n t i n g  from 
t h e  AAP C l u s t e r .  P r o p e l l a n t  r e q u i r e m e n t s  are d e t e r m i n e d  f o r  
compensa t ing  f o r  t h e  moments produced  by  t h e  f u e l  c e l l  water v e n t  
and by g e n e r a l  l e a k a g e  of t h e  O2 - N2 a tmosphere  f o r  each  o f  t h r e e  
C l u s t e r  c o n f i g u r a t i o n s .  The p r o p e l l a n t  r e q u i r e m e n t s  a s s o c i a t e d  
w i t h  leakage from a mic rometeo ro id  p e n e t r a t i o n  a re  a l s o  c o n s i d e r e d .  

With t h e  a s sumpt ions  t ha t  a l l  water p roduced  by t h e  
f u e l  c e l l s  p a s s e s  t h r o u g h  t h e  u r i n e  dump n o z z l e ,  and t h a t  an  
A u x i l i a r y  A t t i t u d e  C o n t r o l  System l o c a t e d  on t h e  a f t  s k i r t  o f  
t h e  S-IVB i s  used  t o  c o u n t e r a c t  t h e  d i s t u r b a n c e s ,  t h e  maximum 
p r o p e l l a n t  r e q u i r e m e n t s  due t o  v e n t i n g  are 15 l b  on t h e  28- 
day Miss ion  A and 2 9  l b  on Miss ion  B ,  which l a s t s  56 d a y s .  A 
c o n s e r v a t i v e  s e t  o f  a s sumpt ions  r e g a r d i n g  t h e  n a t u r e  o f  t h e  
a t m o s p h e r i c  leakage y i e l d s  85 l b  and 183 l b  p r o p e l l a n t  r e q u i r e -  
ments  f o r  t h e  r e s p e c t i v e  m i s s i o n s .  A c t u a l  p r o p e l l a n t  r e q u i r e -  
ments  are  e x p e c t e d  t o  be lower .  
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1 . 0  I N T R O D U C T I O N  

Di scha rge  of m a t e r i a l  f rom t h e  A A P  C l u s t e r  c a u s e s  a 
p r o p u l s i v e  e f f e c t  which can  change t h e  a t t i t u d e  o f  t h e  v e h i c l e .  
A s  t h e  A u x i l i a r y  A t t i t u d e  C o n t r o l  System (AACS) i s  used  t o  
c o r r e c t  a t t i t u d e  e r r o r s ,  i t  i s  d e s i r e d  t o  know how much A A C S  
p r o p e l l a n t  i s  r e q u i r e d  t o  c o u n t e r  t h e  d i s c h a r g e  p r o p u l s i v e  
e f f e c t ,  and i t  i s  t h e  purpose  o f  t h i s  memormdum to d e t e r m i n e  
w o r s t  c a s e  es t imates  o f  t h e s e  p r o p e l l a n t  r e q u i r e m e n t s  f o r  
s e v e r a l  t y p e s  of  d i s c h a r g e .  

* 

S i g n i f i c a n t  d i s c h a r g e  p r o p u l s i o n  may be  produced  by  
t h e  v e n t i n g  of water produced by  t h e  f u e l  c e l l s ,  by leakage of 
t h e  O2 - N2 v e h i c l e  a tmosphere  t h r o u g h  a h o l e  caused  b y  me teo ro id  
p e n e t r a t i o n ,  or by O2 - N2 l e a k a g e  o t h e r  t h a n  t h r o u g h  a me teo ro id  
h o l e .  

The problem of f u e l  c e l l  v e n t i n g  p r o p u l s i o n  has been 
s t u d i e d  by North  American A v i a t i o n  ( R e f e r e n c e  1). The a n a l y s i s  
is p e r f o r x e d  he re  anew, however,  because  t h e  v e h i c l e  mass p ro -  
p e r t i e s  have chanped s i g n i f i c a n t l y ,  a d d i t i o n a l  C l u s t e r  c o n f i g u r a -  
t i o n s  are  of i n t e r e s t ,  and t h e  AACS i s  used  for c o u n t e r i n g  t h e  
d i s t u r b a n c e  t o r q u e s  r a t h e r  t h a n  t h e  S e r v i c e  Module iiZS j e t s  used  
p r e v i o u s l y .  Also ,  t h e  Nor th  American s t u d y  t r e a t e d  o n l y  e m i s s i o n  
from t h e  Command Module ( C M )  steam v e n t ,  b u t  i t  i s  e x p e c t e d  t h a t  
v e n t i n g  o f  water d u r i n g  t h e  AAP m i s s i o n s  w i l l  no rma l ly  be v i a  t h e  
u r i n e  dump n o z z l e  i n s t e a d .  

* 
C o n t r o l  moment G: ' O S C O D - S  ( c  . 1G's) are  u s e d  f o r  a t t i t u c  

c o n t r o l  on Miss ion  B ;  however,  t h i s  i s  o f  l i t t l e  i m p o r t a n c e  
here  because  C M G ' s  are e s s e n t i a l l y  s t o r a g e  d e v i c e s ,  a n d t h e  

e 

AACS i s  ( u n l e s s  a schelrie for g r a v i t y - g r a d i e n t  "momentum d u m i n g "  
i s  u s e d )  u l t i m a t e l y  r e q u i r e d  to r e i n i t i a l i z e  t h e  C M G ' s .  



. 
J 

BELLCOMM, INC. - 2 -  . 
2 . 0  SPACECRAFT CONFIGURATIONS CONSIDERED 

F o r  Miss ion  A ,  t h e  AAP C l u s t e r  c o n s i s t s  o f  an S - I V B  
Workshop, A i r l o c k  Module ( A M ) ,  M u l t i p l e  Docking Adapter  ( M D A ) ,  
and  a Command and S e r v i c e  Module (CSM). Two c o n f i g u r a t i o n s  a re  
c o n s i d e r e d ,  namely t h o s e  i n  which t h e  CSM i s  docked on p o r t s  4 
and 5 o f  t h e  MDA ( t h e  l a t t e r  i s  shown i n  F i g u r e  1 ) .  The C S N  
roll o r i e n t a t i o n  r e l a t i v e  t o  t h e  MDA i s  a r b i t r a r y , s u b j e c t ,  how- 
e v e r ,  t o  c e r t a i n  c o n s t r a i n t s ;  f o r  example,  S e c t o r  4 o f  t h e  
S e r v i c e  Module, which houses  t h e  f u e l  c e l l s ,  must n o t  be on t h e  
s u n l i t  s i d e  o f  t h e  s p a c e c r a f t .  

One c o n f i g u r a t i o n  i s  c o n s i d e r e d  f o r  Miss ion  B ,  t h a t  
i n  which t h e  CSM i s  docked on p o r t  5 and t h e  Lunar  Module/ 
Apo l lo  T e l e s c o p e  Mount (LM/ATM) i s  docked on p o r t  1. 

3 .0  FUEL CELL WATER VENTING 

3 . 1  V e n t i n g  Moments 

The Command Module steam v e n t  i s  l o c a t e d  n e a r  t h e  
b a s e  o f  t h e  c o n i c a l  o u t e r  s u r f a c e  o f  t h e  module.  S p e c i f i c a l l y ,  
i f  IZ,, n 
xyz axes shown i n  F i g u r e  1, t h e  l o c a t i o n  o f  t h e  v e n t  i s  
( R e f e r e n c e  1, p . 7 3 ) .  

and  n are  u n i t  v e c t o r s  p a r a l l e l  t o  t h e  r i g h t  hand -Y ' -Z 

-.- 
i 3  s i n  + 2 7 . 5 ' ) ~ ~  + 153 gy - 73 cos  + 27.5 ' )n  

-2 

i n c h e s  when t h e  CSM i s  docked on p o r t  4 .  The roll a n g l e ,  4 ,  o f  
t h e  CSM i s  z e r o  when t h e  CM windows are  c e n t e r e d  or: t h e  f x  a x l s .  
When t h e  CSM i s  docked on p o r t  5 

r = 1 7 7  n - 73 s i n  ( 4  + 27.5 ' )n  - 73 cos  ( 4  + 27.5')n -Z 
-X -Y - 
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F IGURE I - MISSION A CLUSTER WITH CSM DOCKED ON PORT 5 
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i n c h e s ,  and i n  t h i s  i n s t a n c e  @ v a n i s h e s  when t h e  CM Windows 
are c e n t e r e d  on t h e  -y a x i s .  

When d i s c h a r g e  t a k e s  p l a c e  v i a  t h e  steam v e n t ,  t h e  
t h r u s t  i s  

i n  which w i s  t h e  weight  f low r a t e  o f  t h e  water, I i s  t h e  
s p e c i f i c  i m p u l s e ,  which has a v a l u e  o f  7 0 . 3  s e e  ( s e e  Appendix) ,  
and n i s  a u n i t  v e c t o r  which has t h e  v a l u e  - 

n =  - - .843 s i n  ( 4  + 27.5O)n + 
-X .537 n -Y 

+ ,843  cos ( 4 J  + 2 7 . 5 ° ) g z  

for d o c k i n g  on p o r t  4 and 

n = .537 + , 843  s i n  ( @  t 27.5O)n + .843 cos  ( 4  + 27.5 ' )n  
- -Y -Z 

f o r  dock ing  on p o r t  5 .  A v a l u e  o f  4 . 0  x l b / s e c  i s  o b t a i n e d  

f o r  w by assuming a 1 . 8  kw a v e r a g e  power consumpt ion;  i t  i s  a l s o  I 
assumed tha t  a l l  of  t h e  w a t e r  produced  by t h e  f u e l  c e l l s  e v e n t u a l l y  
passes t h r o u g h  t h e  v e n t .  

~ 

The w a t e r  produced  may e i t h e r  be b o i l e d  i n  t h e  g l y c o l  
e v a p o r a t o r s  and t h u s  l e a v e  t h e  v e h i c l e  v i a  t h e  steam v e n t  j u s t  
d i s c u s s e d ,  or, i f  e v a p o r a t i v e  c o o l i n g  i s  n o t  needed ,  i t  w i l l  

pass  o u t  t h r o u g h  t h e  u r i n e  dump n o z z l e  as a l i q u i d .  C a l c u l a t i o n s  
show t h a t  AAP-l/AAP-4 w i l l  need l i t t l e  c o o l i n g ,  and i t  i s  t h e r e -  
f o r e  n o t  e x p e c t e d  t h a t  t h e  g l y c o l  e v a p o r a t o r s  and t h e  steam v e n t  
w i l l  be  used  a p p r e c i a b l y  d u r i n g  t hese  m i s s i o n s .  

* 

* 
Tests  o f  t h e  u r i n e  dump n o z z l e  i n  a vacuum chamber i n d i c a t e  

t h a t  t h e  water does  l e a v e  t h e  n o z z l e  as a l i q u i d  ( R e f e r e n c e  2 ) .  
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The u r i n e  dump n o z z l e  i s  l o c a t e d  o n l y  abou t  one 
f o o t  f rom t h e  s team v e n t ,  and checks  on t h e  c a l c u l a t i o n s  
per formed on t h e  f o l l o w i n g  pages  show t h a t  t h e  e x p r e s s i o n s  
f o r  r and n j u s t  g i v e n  f o r  t h e  steam v e n t  are a l s o  s u f f i c i e n t l y  
a c c u r a t e  for t h e  u r i n e  dump n o z z l e .  
t h r u s t ,  however,  i s  s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  two 
means of d i s c h a r g e  ( s e e  Appendix f o r  u r i n e  dump n o z z l e  t h r u s t  
c a l c u l a t i o n s ) .  

The magnitude o f  t h e  

The moment e x e r t e d  on t h e  v e h i c l e  by t h e  v e n t i n g  
t h r u s t  i s  

where r 
It i s  assumed t h a t  t h i s  moment i s  n u l l i f i e d  by f i r i n g  t h e  
AACS j e t s  c o n t i n u o u s l y  a t  a low t h r u s t  l e v e l .  
j e t s  f i r e  i n t e r m i t t e n t l y  a t  f u l l  t h r u s t ,  b u t  i t  may b e  shown 
t h a t  t h e  amount o f  p r o p e l l a n t  r e q u i r e d  i s  t h e  same i n  e i t h e r  
c a s e ,  p r o v i d e d  t h a t  t h e  j e t s  a re  f i r e d  o f t e n  enough s o  t h a t  
t h e  v e h i c l e  a t t i t u d e  e x c u r s i o n s  r ema in  smal l .  I n  Miss ion  B ,  
a t t i t u d e  c o n t r o l  i s  a c h i e v e d  t h r o u g h  C o n t r o l  Moment Gyroscopes ,  
b u t  t h e  amount o f  p r o p e l l a n t  r e q u i r e d  f o r  t h e  p e r i o d i c  r e -  
i n i t i a l i z a t i o n  o f  t h e  gy roscopes  i s  t h e  same as t h a t  r e q u i r e d  
f o r  c o n t i n u o u s  n u l l i f i c a t i o n  o f  any n o n p e r i o d i c  d i s t u r b a n c e  
t o r q u e s .  

i s  t h e  p o s i t i o n  v e c t o r  o f  t h e  v e h i c l e  mass c e n t e r .  % -mc 

A c t u a l l y ,  t h e s e  

3 . 2  C o u n t e r i n g  Moments 

The l o c a t i o n  and number of  AACS j e t s  has n o t  y e t  been  
d e t e r m i n e d ,  s o  f o r  t h e  p u r p o s e s  o f  t h i s  r e p o r t ,  w e  w i l l  assume 
t h a t  t h e r e  are  t h r e e  p a i r s  ( a  p a i r  b e i n g  two j e t s  which produce  
o p p o s i t e l y - d i r e c t e d  t h r u s t s  along a common l i n e  of  a c t i o n )  
j e t s  p l a c e d  i n  what a p p e a r  t o  be o p t i m a l  l o c a t i o n s  s o  f a r  as 
p r o p e l l e n t  consumption i s  conce rned .  Given t h e  l o c a t i o n  o f  t h e  

of 

* 
r may be o b t a i n e d  from R e f e r e n c e  3 f o r  t h e  Miss ion  A -mc 

c o n f i g u r a t i o n s ;  t h e  same t y p e  o f  computa t ion  f o r  Miss ion  B 
y i e l d s  t h e  v a l u e  ( - 1 0 9 . 5 ,  -1 .8 ,  5 6 . l ) , i n  i n c h e s .  



a 

BELLCOMM, I N C .  - 6 -  

j e t  p a i r s ,  t h e  t h r u s t s  F1, F2, and F 
f i r e  i n  o r d e r  t o  n u l l i f y  t h e  d i s t u r b a n c e  t o r q u e  may b e  computed 
f rom t h e  t h r e e  s c a l a r  s i m u l a t a n e o u s  e q u a t i o n s  e q u i v a l e n t  t o  t h e  
v e c t o r  e q u a t i o n  

a t  which e a c h  p a i r  must 3 

3 

i = l  

where r .  i s  t h e  p o s i t i o n  v e c t o r  o f  p a i r  i and n .  i s  a u n i t  
-1 -1 

v e c t o r  p a r a l l e l  t o  t h e  f o r c e  e x e r t e d  by p a i r  i. These 
computed t h r u s t s  a r e  r e l a t e d  t o  t h e  r e a - u i r e d  p r o p e l l a n t  
w e i g h t ,  W ,  as f o l l o w s :  

I \1600-24*; 

i n  which t h e  p r o p e l l a n t  s p e c i f i c  impu l se  I has a . v a l u e  o f  
270 s e c .  T h i s  fo rmula  a p p l i e s  t o  a 28-day m i s s i o n ;  v a l u e s  
o b t a l n e d  from i t  m u s t  b e  doubled  f o r  t h e  56-day missi~n. 

SP 

For Miss ion  A, two o f  t h e  AACS j e t  p a i r s  are 
assumed t o  be l o c a t e d  on o p p o s i t e  s ides  o f  t h e  a f t  s k i r t  o f  
t h e  Workshop i n  t h e  xy p l a n e ;  t h e s e  a re  d i r e c t e d  p a r a l l e l  
t o  t h e  z a x i s ,  The t h i r d  p a i r  o f  j e t s  i s  l o c a t e d  on t h e  a f t  
s k i r t  i n  t h e  xy p l a n e  and d i r e c t e d  p a r a l l e l  t o  t h e  y a x i s .  
The v e h i c l e  i s  symmetr ic  about  t h e  xz p l a n e  f o r  Miss ion  B ,  
and s o  t h e  j e t s  are now assumed t o  be  l o c a t e d  on t h e  a f t  
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s k i r t  i n  t h i s  p l a n e ,  two p a i r s  o f  them on o p p o s i t e  s i d e s  o f  
t h e  Workshop and d i r e c t e d  p a r a l l e l  t o  t h e  y a x i s ,  and t h e  
t h i r d  p a i r  d i r e c t e d  p a r a l l e l  t o  t h e  x a x i s .  O f  c o u r s e ,  t h e  
j e t s  canno t  b e  r e l o c a t e d  between m i s s i o n s :  one must ,  i n  
r e a l i t y ,  l o c a t e  t h e  j e t s  i n  what appears t o  b e  t h e  o p t i m a l  
l o c a t i o n  f o r  Miss ion  A o r  i n  what seems t o  be bes t  f o r  Miss ion  
B .  If t h e  j e t s  are s o  l o c a t e d  i n  an  a p p a r e n t l y  o p t i m a l  l o c a t i o n  
f o r  one m i s s i o n ,  c a l c u l a t i o n s  show t h a t  p r o p e l l a n t  r e q u i r e m e n t s  
f o r  t h e  non-opt imal  m i s s i o n  a re  abou t  20% h i g h e r  t h a n  t h e  v a l u e s  
p r e s e n t e d .  

3 . 3  R e s u l t s  f o r  D i scha rge  from t h e  Steam Vent 

F o r  t h e  P o r t  4 C o n f i g u r a t i o n  t h e r e  e x i s t s  a v a l u e  o f  
$I f o r  which t h e  l i n e  o f  a c t i o n  o f  t h e  v e n t i n g  t h r u s t  p a s s e s  
n e a r l y  t h r o u g h  t h e  mass c e n t e r  o f  t h e  v e h i c l e .  Thus,  t h e r e  
e x i s t s  a n  o p t i m a l  v a l u e  o f  $I f o r  which a r e l a t i v e l y  s m a l l  
amount o f  p r o p e l l a n t  i s  r e q u i r e d  t o  n u l l i f y  t h e  d i s t u r b a n c e .  
T h i s  may be  s e e n  i n  F i g u r e  2 i n  which W i s  p l o t t e d  a g a i n s t  $I 
f o r  t h e  c a s e  where a l l  of t h e  water i s  d i s c h a r g e d  as steam. 

The v e h i c l e  i s  symmetr ic  f o r  t h e  P o r t  5 C o n f i g u r a t i o n .  
Hence, W ,  f o r  t h e  28-day m i s s i o n  o n l y  v a r i e s  from 143 t o  195 l b  
d e p e n d i n g  on $I. W f o r  t h e  56-day Miss ion  B r a n g e s  f rom 2 1 6  t o  
357 1 b .  

3 . 4  R e s u l t s  for Discha rge  From t h e  U r i n e  Dump Nozzle 

I f  a l l  of  t h e  water p roduced  i s  d i s c h a r g e d  v i a  t h e  
u r i n e  dump n o z z l e ,  t h e  p r o p e l l a n t  r e q u i r e m e n t s  are o n l y  7 . 8 %  
o f  t h e  r e q u i r e m e n t s  j u s t  p r e s e n t e d  f o r  s t eam ( s e e  S e c t i o n  3 . 1  
and t h e  Appendix) .  Thus,  t h e  maximum r e q u i r e m e n t  f o r  Miss ion  
A i s  1 5  l b  and t h e  v a l u e  f o r  Miss ion  B i s  2 9  l b .  

4 . 0  LEAKAGE DUE TO METEOROID PENETRATION 

P e n e t r a t i o n  o f  a p r e s s u r i z e d  p o r t i o n  o f  t h e  C l u s t e r  by 

- N2 a mic rometeo ro id  w i l l  r e s u l t  i n  a p r o p u l s i v e  e f f e c t  as t h e  O2 
a tmosphere  leaks o u t .  
however ,  because  o f  t h e  u n c e r t a i n t i e s  i n v o l v e d .  Due t o  t h e  
u n c e r t a i n t y  i n  p r e d i c t i n g  p e n e t r a t i o n s  and t h e  p o s s i b l e  
d i s a s t r o u s  consequences  of a p e n e t r a t i o n ,  mic rometeo ro id  p ro -  
t e c t i o n  has been i n s t a l l e d  on t h e  s p a c e c r a f t  t o  r e d u c e  t h e  
p r o b a b i l i t y  o f  a p e n e t r a t i o n  d u r i n g  a one y e a r  i n t e r v a l  t o  a 
v e r y  low v a l u e .  N e v e r t h e l e s s ,  i t  would be  i n t e r e s t i n g  t o  know 
t h e  p r o p u l s i v e  t h r u s t  due t o  leakage from a p e n e t r a t i o n .  We 
are hand icapped ,  however,  because  v e r y  l i t t l e  i s  known abou t  
what s i z e  p a r t i c l e s  are  a p t  to p e n e t r a t e  t h e  s k i n ,  and f u r t h e r -  
more, l i t t l e  i s  known a b o u t  t h e  s i z e  o f  h o l e  made by a g i v e n  

A n a l y s i s  of  t h i s  s i t u a t i o n  i s  i m p r e c i s e ,  
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s i z e  p a r t i c l e .  I n  v iew o f  t h e s e  u n c e r t a i n t i e s  i t  i s  assumed 
t h a t  t h e  wors t  c a s e  p e n e t r a t i o n  i s  one l o c a t e d  a t  t h e  a f t  end 
o f  t h e  S-IVB H2 t a n k  and h a v i n g  a d i a m e t e r  o f  0.0169 i n c h .  
It i s  shown i n  t h e  Appendix t h a t  t h i s  s i z e  h o l e  c o r r e s p o n d s  
t o  a f low r a t e  o f  4 . 8  l b / d a y ,  and i t  i s  p r o b a b l e  t h a t  a l a r g e r  
h o l e  w i l l  r e s u l t  i n  a s h o r t e n e d  m i s s i o n  b e c a u s e  o f  a p r o -  
p o r t i o n a t e  i n c r e a s e  i n  t h e  consumption o f  p r o p e l l a n t  and O2 - N2. 
T h e r e f o r e ,  t h e  a n a l y s i s  o f  l e a k a g e  due t o  m i c r o m e t e o r o i d  
p e n e t r a t i o n  i s  t r e a t e d  i n  t h e  n e x t  s e c t i o n  s i m p l y  as a l eak  
a t  t h e  r a t e  o f  4 . 8  lb /day  l o c a t e d  a t  t h e  a f t  end o f  t h e  H2  t a n k .  

5 . 0  THE PROPULSIVE EFFECT OF LEAKAGE 

5 . 1  Assumptions 

There a re  a l s o  u n c e r t a i n i t e s  i n v o l v e d  i n  a s s e s s i n g  
t h e  mode of  o t h e r  t y p e s  o f  l e a k a g e ,  and for t h i s  r e a s o n ,  assump- 
t i o n s  must be made r e g a r d i n g  t h e  l o c a t i o n s ,  d i r e c t i o n s ,  and 
magn i tudes  o f  t h e  l e a k s .  For p u r p o s e s  o f  s i z i n g  consumables ,  
a maximum l e a k a g e  r a t e  of 4 . 8  l b / d a y  has been  a s s i g n e d  t o  each  
module.  It i s  assumed tha t  f o r  each  module,  4 . 8  lb /day  l e a k s  
o u t  of one h o l e  i n  t h e  module which i s  l o c a t e d  and d i r e c t e d  s o  
as t o  produce  t h e  l a r g e s t  d i s t u r b i n g  moment. These a s sumpt ions  
are  t h o u g h t  t o  be  h i g h l y  c o n s e r v a t i v e :  one e n g i n e e r  ( R e f e r e n c e  4 )  
a t  McDonnell-Douglas, who i s  working  on l e a k a g e  from t h e  Workshop, 
f e e l s  t h a t  0 . 5  l b /day  i s  more r e a l i s t i c  and t h a t  t h i s  w i l l  l eak  
from s e v e r a l  p l a c e s  r a t h e r  t h a n  j u s t  one w o r s t  c a s e  l o c a t i o n .  
A l so ,  i f  l e a k a g e  o c c u r s  i n  s e v e r a l  p l a c e s ,  i t  i s  a p t  to be 
l a r g e l y  s e l f - e q u i l i b r i a t i n g .  These  comments n o t w i t h s t a n d i n g ,  
t h e  more c o n s e r v a t i v e  a s sumpt ions  are  used  he re  b e c a u s e  t h e y  
y i e l d  w o r s t  c a s e  e s t i m a t e s  and l e s s  c o n s e r v a t i v e  s e t s  o f  
a s s u m p t i o n s  seem t o  be h i g h l y  a r b i t r a r y .  

v a l u e  o f  s p e c i f i c  impu l se  o b t a i n e d  i n  t h e  Appendix,  and t h e  p ro -  
p e l l a n t  r e q u i r e d  i s  computed as i n  S e c t i o n  3 . 2 .  

* 

D i s t u r b a n c e  t o r q u e s  a r e  computed as b e f o r e ,  u s i n g  t h e  

5 . 2  R e s u l t s  

I n c l u d i n g  mic rometeo ro id  p e n e t r a t i o n ,  t h i r t e e n  modes 
of leakage are  i n v e s t i g a t e d .  They are:  

1. Miss ion  A ,  P o r t  4 C o n f i g u r a t i o n  ( 2 8  d a y s )  

* 
E x c e p t i o n s  a re  t h e  AM, which has been  a l l o w e d  1 . 0  l b /day  

and hard-docked i n t e r f a c e s ,  which are  a l l o w e d  2 . 4  l b / d a y  e a c h .  
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a .  CS14: Leak l o c a t e d  on t h e  c o r l i c a l  s u r f a c e  of  CSM 
a t  its base and i n  t h e  yz p l a n e ;  d i r e c t e d  normal  
t o  t h e  s u r f a c e .  

b .  MDA: C e n t e r  o f  P o r t  1; d i r e c t e d  p a r a l l e l  t o  t h e  
z a x i s .  

c .  Workshop: Leakage from f i l l  and d r a i n  l i n e ,  which 
p i e r c e s  t h e  s k i n  no rma l ly  a t  x = -781" and 59.5O 
from t h e  + z  t o  t h e  -y a x i s .  

d .  Me teo ro id :  
d i r e c t e d  p a r a l l e l  t o  t h e  z a x i s .  

A f t  end o f  H2 t a n k  i n  xz p l a n e  and 

2 .  Mis s ion  A ,  P o r t  5 C o n f i g u r a t i o n  ( 2 8  d a y s )  

a. CSM: Base o f  C M  i n  t h e  xz p l a n e  and d i r e c t e d  
p a r a l l e l  t o  t h e  z a x i s .  

b .  MDA: Same as lb. 

C .  Workshop: Same as IC .  

d .  Me teo ro id :  Same as I d .  

3 .  Miss ion  B ( 5 6  d a y s )  

a .  CSM: Base of  CM i n  t h e  xy p l a n e ;  d i r e c t e d  
p a r a l l e l  t o  t h e  y a x i s .  

b .  MDA: C e n t e r  of  P o r t  4 ;  d i r e c t e d  p a r a l l e l  t o  
t h e  y a x i s ,  

c .  Workshop: Same as IC. 

d .  Meteoro id :  
d i r e c t e d  p a r a l l e l  t o  t h e  y a x i s .  

A f t  end of H 2  t a n k  i n  t h e  xy p l a n e ;  

e .  LM: I n t e r s e c t i o n  o f  LM-ATM i n t e r f a c e  and t h e  yz 
p l a n e ;  d i r e c t e d  p a r a l l e l  t o  t h e  y a x i s .  

The we igh t  (pounds )  o f  p r o p e l l a n t  r e q u i r e d  t o  n u l l i f y  t h e  
moments produced  by these  modes o f  leakage for t he  d u r a t i o n  
of t h e  m i s s i o n  are g i v e n  i n  t h e  f o l l o w i n g  t a b l e .  
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Mode 

l a  

l b  

I C  

Id 

2a 

2b  

2c 

2d 

3a  

3b 

3c 

3d 

3e 

W 

21.6 

27.9 

35 .7  

25 .5  

1 6 . 0  

7 . 9  

35 .9  

25 .8  

32.6 

26.4 

7 2 . 1  

51.8 

51.4 

6 .0  C O N C L U S I O N S  

The p r o p u l s i v e  e f f e c t  o f  water f rom t h e  CSM f u e l  c e l l s  
b e i n g  v e n t e d  c r e a t e s  a d i s t u r b a n c e  moment which on Miss ion  A 
r e q u i r e s  a t  most 195  l b  o f  p r o p e l l a n t  f o r  i t s  n u l l i f i c a t i o n  
i f  t h e  water l e a v e s  v i a  t h e  steam v e n t  and 1 5  lb a t  most i f  i t  
leaves v i a  t h e  u r i n e  dump n o z z l e .  C o r r e s p o n d i n g  r e q u i r e m e n t s  
f o r  Miss ion  B are 357 l b  and 29 l b .  For t h e  Miss ion  A P o r t  4 
C o n f i g u r a t i o n  t h e  p r o p e l l a n t  r e q u i r e d  may be r e d u c e d  s u b s t a n t i a l l y  
( 3 8  l b  f o r  t h e  steam v e n t  and 3 l b  f o r  t h e  u r i n e  dump n o z z l e )  f o r  
some r o l l  o r i e n t a t i o n s  of t h e  CSM as it  docks  on t h e  MDA. 

* 

* 
It is n o t  e x p e c t e d  t h a t  t h e  steam v e n t  w i l l  be used  

a p p r e c i a b l y  on t h e  AAP C l u s t e r  m i s s i o n s .  
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Methods have been s u g g e s t e d  f o r  e l i m i n a t i n g  t h e  
v e n t i n g  p r o p u l s i o n  problem a l t o g e t h e r .  Nor th  American has 
p roposed  ( R e f e r e n c e  5 )  p l a c i n g  a "T" i n  t h e  u r i n e  dump t u b e  
a t  t h e  e x i t ,  t h u s  making i t  n o n p r o p u l s i v e ;  t h i s  concep t  i s  
now par t  of  t h e  b a s e l i n e  c o n f i g u r a t i o n .  The p o s s i b i l i t y  o f  
s t o r i n g  a l l  o f  t h e  water produced  f o r  u s e  as r a d i a t i o n  
s h i e l d i n g  i s  a l s o  b e i n g  c o n s i d e r e d .  

P r e c i s e  p r o p e l l a n t  r e q u i r e m e n t s  f o r  o f f s e t t i n g  t h e  
p r o p u l s i v e  e f f e c t  of l e a k a g e  o f  t h e  O2 - N 2  a tmosphe re  a re  un- 
o b t a i n a b l e  because  t h e  n a t u r e  o f  t h e  l e a k a g e  i s  unknown. The 
h ighes t  p r o p e l l a n t  r e q u i r e m e n t s  r e s u l t  from l e a k a g e  from t h e  
S-IVB f i l l  and d r a i n  l i n e ,  and a h i g h l y  c o n s e r v a t i v e  s e t  o f  
a s sumpt ions  r e l a t i n g  t o  t h i s  mode o f  l e a k a g e  leads  t o  a r e q u i r e -  
ment o f  36 l b  on Miss ion  A and t w i c e  t h i s  amount on Miss ion  B .  
By a d d i n g  t h e  l e a k a g e  p r o p e l l a n t  r e q u i r e m e n t s  ( s ee  T a b l e ,  Page 11) 
for all modules f o r  e a c h  o f  t h e  c o n f i g u r a t i o n s ,  i t  can  be  shown 
t h a t  t h e  p r o p e l l a n t  r e q u i r e m e n t s  f o r  t h e  e n t i r e  C l u s t e r  may r u n  
as h i g h  as 85 l b  on Miss ion  A and 183 l b  on M i s s i o n  B .  However, 
a s  t h e s e  v a l u e s  a r e  b a s e d  on t h e  a d d i t i o n a l  c o n s e r v a t i v e  
a s sumpt ion  t h a t  t h e  p r o p e l l a n t  r e q u i r e m e n t s  a re  a d d i t i v e ,  one 
would p r o b a b l y  e x p e c t  t h e  p r o p e l l a n t  r e a u i r e m e n t s  f o r  t h e  
C l u s t e r  t o  b e  much lower  t h a n  t h o s e  g i v e n .  

A l l  o f  t h e  p r o p e l l a n t  r e q u i r e m e n t s  g i v e n  above a r e  
based  on t h e  assumpt ion  t h a t  t h e  AACS j e t s  are  l o c a t e d  on t h e  
a f t  s k i r t  o f  t h e  Workshop. I f  t h e y  a re  i n s t e a d  l o c a t e d  on 
t h e  I n s t r u m e n t  U n i t ,  as has a l s o  been  s u g g e s t e d ,  t h e n  t h e  
amount of  p r o p e l l a n t  r e q u i r e d  i s  e x p e c t e d  t o  i n c r e a s e  
s u b s t a n t i a l l y .  

On Miss ion  B it may be  p o s s i b l e  t o  r e i n i t i a l i z e  t h e  
C M G ' s  b y  u s e  of t h e  g r a v i t y - g r a d i e n t  t o r a u e  r a t h e r  t h a n  t h e  AACS. 
With t h i s  scheme i t  i s  p r o b a b l e  t h n t  no v r o p e l l a n t  w i l l  be  r e q u i r e d  
t o  c o u n t e r a c t  t h e  e f f e c t s  of  l e a k a g e  and v e n t i n g  on t h i s  m i s s i o n .  

102 2 -PGS-me f P .  G .  Smi th  

At t achmen t s  
Appendix 
R e f e r e n c e s  
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APPENDIX 

Formulas  f o r  T h r u s t  and Flow Rate f o r  Leakage i n t o  a Vacuum 

The t h r u s t ,  F,  e x e r t e d  on a v e s s e l  i n  a vacuum and 
which has an  e f f l u x  b u t  no i n f l u x  o f  mass i s  

F = m Ve + Aepe 

where m i s  t h e  mass f low r a t e ,  V i s  t h e  f low speed r e l a t i v e  t o  
t h e  v e s s e l ,  A i s  t h e  c r o s s - s e c t i o n a l  area o f  t h e  f l o w ,  and p i s  
t h e  p r e s s u r e  o f  t h e  medium; t h e  s u b s c r i p t  e r e f e r s  t o  c o n d i t i o n s  
a t  t h e  e x i t  p l a n e .  I f  t h e  medium i s  i n  t h e  gaseous  phase  a t  
e x i t ,  one may assume t h a t  i t  behaves  e s s e n t i a l l y  as an i d e a l  
gas and make u s e  o f  t h e  e q u a t i o n  o f  s t a t e :  

Pe = Peg R Te 

i n  which p and T are,  r e s p e c t i v e l y ,  t h e  d e n s i t y  and t e m p e r a t u r e  
of t h e  gas, g i s  t h e  a c c e l e r a t i o n  o f  g r a v i t y ,  and R i s  t h e  gas 

'm, c o n s t a n t ,  a q u a n t i t y  which depends  on t h e  moecular  w e i g h t ,  
o f  t h e  gas: 

1544 f t  l b  
l b  O R  

R = -  
'm 

( 3 )  
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Now, P, may be e x p r e s s e d  i n  terms o f  v a r i a b l e s  a l r e a d y  i n t r o -  
duced  by means o f  t h e  c o n t i n u i t y  r e l a t i o n s h i p  

- m 
p e  A~ ve 

- -  

S u b s t i t u t i o n  o f  e q u a t i o n s  ( 2 )  and ( 4 )  i n t o  (1) y i e l d s  a more 
u s e f u l  e x p r e s s i o n  f o r  t h r u s t :  

'e 

S p e c i f i c  i m p u l s e ,  I ,  i s  d e f i n e d  by means o f  t h e  
e q u a t i o n  

F = w I  

where w = m g.  I n  t h e  case  a t  hand,  

Te + -  I = -  'e 
g 'e 

( 4 )  

(5) 
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The re  e x i s t s  an e x i t  speed  f o r  which I i s  minimal ,  and t h i s  
i s  o b t a i n e d  from 

which g i v e s  

where ce i s  t h e  speed  of  sound for t h e  g a s  a t  e x i t  c o n d i t i o n s ,  
and y = c /cv  i s  t h e  s p e c i f i c  heat r a t i o .  
number, M e ,  i s  d e f i n e d  a s  

The e x i t  Mach 
P 

I = -  'e ( M e + & )  
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A p p l i c a t i o n  to Steam 

F o r  water vapor  

, y = 1 . 2 8  f t  l b  R = 85.8 Ib O R  

and t h e  speed  o f  sound,  o b t a i n e d  from 

i s  

1218 f t / s e c  @ Te = -40°F 

O O F  

4OoF 

1274 t? 11 11 

1329 11 11 

S u b s t i t u t i o n  of  these v a l u e s  i n  e q u a t i o n  ( 1 0 )  g i v e s  

= 66.8 sec  @! Te = -40°F 

O°F 

7 2 . 8  11 ?? I ?  4OoF 

Imin 

6 9 . 8  I1  I? ?I 
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To o b t a i n  a p r e c i s e  v a l u e  for t h e  s p e c i f i c  impu l se ,  
i t  i s  n e c e s s a r y  t o  have more i n f o r m a t i o n  r e g a r d i n g  t h e  e x i t  
speed  and t e m p e r a t u r e .  I n  l a c k  o f  s u c h  i n f o r m a t i o n ,  w e  w i l l  
make some a s s u m p t i o n s ,  t h e  impact  of  which w i l l  t h e n  be  
d i s c u s s e d .  The a s sumpt ions  a r e  

Me 1.0 O°F 

These  v a l u e s  are  t h o u g h t  t o  b e  r e a l i s t i c :  The Mach number a t  
t h e  e x i t  o f  a c o n v e r g i n g  n o z z l e  i s  u n i t y ;  i t  may be s l i g h t l y  
l e s s  t h a n  u n i t y  due t o  l o s s e s  or s l i g h t l y  g r e a t e r  i f  t h e  f low 
i s  d i v e r g i n g  a t  t h e  e x i t  p l a n e .  The ambient  s p a c e c r a f t  tempera- 
t u r e  i s  about  7O0F; Te w i l l  b e  l ess  t h a n  t h i s  due to expans ion  
and e v a p o r a t i o n ,  b u t ,  because o f  heat  t r a n s f e r  i n  t h e  plumbing,  
p r o b a b l y  n o t  t o o  much less .  

N e v e r t h e l e s s ,  t h e s e  two p a r a m e t e r s  are  n o t  c r i t i c a l  
as f a r  as t h e  t h r u s t  i s  concerned .  It may be s e e n  from t h e  
v a l u e s  of  Imin t h a t  t h e  t h r u s t  w i l l  change by o n l y  about  1 0 %  

f o r  a t e m p e r a t u r e  change o f  8 0 ~ 0 .  Also, f rom F i g u r e  3 ,  t h e  
t h r u s t  w i l l  d i f f e r  f rom t h e  Mach-one v a l u e  by o n l y  abou t  5% 
f o r  Mach numbers o f  0 . 8  - 1 . 2 ,  t h e  e x p e c t e d  r a n g e  o f  v a l u e s .  
Thus ,  f o r  Me = 1 . 0  and Te = OOF, 

' 69 .8  = 7 0 . 3  s e c  I =  
2 / f i  

The p o s s i b i l i t y  t h a t  t h e  water i s  n o t  gaseous  a t  t h e  
' e x i t  p l a n e  must now be examined. F i r s t  assume t h a t  i t  i s  i n d e e d  
a v a p o r .  From e q u a t i o n s  ( 2 )  and (4), 

R Tew - 
'e - 
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A s  p r e v i o u s l y  d i s c u s s e d ,  a power consumption of  1 . 8  kw r e s u l t s  
i n  a weight  f low r a t e  o f  4 x l o e 4  l b / s e c ;  and an  e x i t  o r i f i c e  
2 1 / 2  i n .  i n  diameter h a s  an  area o f  . 0 3 4 1  f t  . A t  t h e  assumed 
e x i t  c o n d i t i o n s  o f  O O F  and Mach one ,  e q u a t i o n  (14) y i e l d s  a 

2 

0 1  A 1  I I I I 1 I I I I 

0 " . 5  .6  .7 .8 .9  1.0 1 . 1  1.2 1.3 1 .V 1.5 

Me 

FIGURE 3 - THE VARIATION OF S P E C I F I C  IMPULSE WITH MACH NUMBER 

p r e s s u r e  o f  .O87 mm H g ,  whereas  t h e  v a p o r  p r e s s u r e  a t  t h i s  
t e m p e r a t u r e  i s  1 . 0  mm H g  ( R e f e r e n c e  6 ) .  Hence, t h e  medium 
i s  w e l l  w i t h i n  t h e  v a p o r  phase  a t  e x i t ,  and e q u a t i o n  ( 2 )  
may be assumed t o  be s u f f i c i e n t l y  a c c u r a t e .  F u r t h e r m o r e ,  
even  a t  Mach one and t e m p e r a t u r e s  as low as -37"F, it may 
b e  shown t h a t  t h e  p r e s s u r e  computed f rom e q u a t i o n  ( 1 4 )  i s  
l e s s  t h a n  t h e  v a p o r  p r e s s u r e  o f  water a t  t h i s  t e m p e r a t u r e .  
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A p p l i c a t i o n  t o  ari 0 2 - N 2  Atmosphere 

The A A P  s p a c e c r a f t  w i l l  c o n t a i n  an a tmosphere  composed 
of oxygen a t  a p a r t i a l  p r e s s u r e  o f  3 . 7  p s i a  and n i t r o g e n  at a 
p a r t i a l  p r e s s u r e  o f  1 . 3  p s i a .  The c o n s t a n t s  a s s o c i a t e d  w i t h  
t h i s  m i x t u r e  are  

I s e n t :  

R =  

p i c  exp 

, y = 1.4 

. n s i o n  of t h  gas from r e s t  i n s i d e  t h  , 
v e h i c l e  t o  Mach one a t  e x i t  r e s u l t s  i n  a change i n  t e m p e r a t u r e  
f rom 70°F i n s i d e  t o  -18O~ a t  e x i t  ( R e f e r e n c e  7 ) .  S i n c e  t h e  gas 
w i l l  i n  f a c t  a c q u i r e  some h e a t  f rom i t s  s u r r o u n d i n g s  w h i l e  l e a k -  
i n g  o u t ,  t h e  e x i t  t e m p e r a t u r e  may b e  e x p e c t e d  t o  be above -18O~; 
t h u s ,  w e  w i l l  a g a i n  make t h e  a s sumpt ions  

Me = 1 . 0  , Te = O O F  

which i n  t h i s  c a s e  lead t o  

I = 54.3  s e c .  

A s  b e f o r e ,  i t  may be shown t h a t  Me and Te have l i t t l e  e f f e c t  
on t h e  t h r u s t .  



, 
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T h r u s t  Produced by  L i q u i d  Water 

The above mater ia l  does  n o t  app ly  t o  l i q u i d s ,  and 
i t  i s  t h u s  n e c e s s a r y  t o  compute t h e  t h r u s t  p roduced  a t  t h e  
u r i n e  dump n o z z l e  by u s i n g  e q u a t i o n  (1) d i r e c t l y .  The 
n o z z l e  i s  d e s i g n e d  t o  have a f low c a p a b i l i t y  o f  1 . 2 5  lb /min  
when t h e  p r e s s u r e  a t  t h e  n o z z l e  e n t r a n c e  i s  45 p s i a ;  t h e  
n o z z l e  conve rges ,  h a v i n g  an  e x i t  d i a m e t e r  o f  . 0 5 5  i n .  
E q u a t i o n  ( 4 )  i s  used  t o  o b t a i n  Ve = 2 0 . 3  f t / s e c ,  and 
a p p l i c a t i o n  of  t h e  B e r n o u l l i  e q u a t i o n  t o  f low i n  t h e  n o z z l e  
g i v e s  pe = 4 2  p s i a .  From e q u a t i o n  (1) 

F = .1136 l b  

N o w ,  t h e  f low c a p a b i l i t y  o f  t h e  n o z z l e  i s  h i g h e r  t h a n  t h e  
water p r o d u c t i o n  r a t e ,  s o  t h e  a v e r a g e  t h r u s t  for t h e  
m i s s i o n ,  assuming t h e  water t o  be d i s c h a r g e d  i n t e r m i t t e n t l y  
a t  t h e  maximum r a t e ,  i s  

x .1136 = 2 . 1 8  x l b  1 . 4 4  l b / h r  
1.25 x 6 0  l b / h r  F =  

T h i s  i s  o n l y  7 .8% o f  t h e  t h r u s t  p roduced  by a l i k e  amount 
o f  water when i t  p a s s e s  t h r o u g h  t h e  e v a p o r a t o r s  and steam 
v e n t ,  and F i s  smaller s t i l l  i f  d i s c h a r g e  i s  a t  l ess  t h a n  
t h e  maximum r a t e  f o r  a c o r r e s p o n d i n g l y  l o n g e r  p e r i o d .  

R e l a t i o n s h i p  Between Flow Rate  and Hole S i z e  

It i s  d e s i r e d  t o  know what s i z e  round h o l e  i s  re- 
q u i r e d  for a f l o w  r a t e  o f  4 .8  l b /day  from a v e s s e l  c o n t a i n i n g  
and O2 - N 2  a tmosphere  a t  5 p s i a .  From e q u a t i o n  ( 4 )  

w = g P, AeVe 
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and from e q u a t i o n  ( 2 )  
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- P O  - 
g R To 

where t h e  s u b s c r i p t  r e f e r s  t o  c o n d i t i o n s  i n s i d e  t h e  v e s s e l  
f o r  which Vo = 0 .  

o b t a i n s  p,  = 8.43  x s l u g  f t -3 .  Assuming i s e n t r o p i c  
e x p a n s i o n  to Me = 1, w e  have from Refe rence  7 

When po = 5 ps i a  and To = 7O0F, one 

P e  = 5.43  x s l u g  f t - 3  , Te = -18OF 

Ve = v y g  R Te = 998 f t / s e c  

S u b s t i t u t i o n  of t hese  v a l u e s  i n t o  e q u a t i o n  ( 1 5 )  y i e l d s  t h e  

v a l u e  Ae = 3 .23  x 1 0  f t  . Hence, a h o l e  .0169 i n .  i n  
diameter p roduces  a f low r a t e  of  4 .8  l b / d a y .  

-6 2 
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